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Description 

METHOD AND SYSTEM OF MAPPING 
OXYGEN CONCENTRATION ACROSS A 
REGION-OF-INTEREST 

Background of Invention 

[0001] The present invention relates generally to a method of 

magnetic resonance (MR) imaging and, more particularly, 
to mapping changes in oxygen level in vivo. The present 
invention further relates to a method of MRI, and MR 
spectroscopy for determining oxygenation of heme- 
proteins in vivo. In vivo oxygen is present primarily in the 
form of oxy-hemoglobin and oxy-myoglobin. Detection of 
hemoglobin and myoglobin in the deoxy state can be used 
to determine oxygen debt and by calculation, p0 2 levels 
may be determined. Deoxy-myoglobin and deoxy- 
hemoglobin both have unique hyperfine shifted signals 
over 70 ppm downfield from the water signal which can 
be used to distinguish them from their oxy counterparts. 

[0002] when a substance such as human tissue is subjected to a 



uniform magnetic field (polarizing field BO ), the individual 
magnetic moments of the spins in the tissue attempt to 
align with this polarizing field, but precess about it in 
random order at their characteristic Larmor frequency. If 
the substance, or tissue, is subjected to a magnetic field 
(excitation field Bl) which is in the x-y plane and which is 
near the Larmor frequency, the net aligned moment, or 
"longitudinal magnetization", MZ, may be rotated, or 
"tipped", into the x-y plane to produce a net transverse 
magnetic moment Mt. A signal is emitted by the excited 
spins after the excitation signal Bl is terminated and this 
signal may be received and processed to form an image. 

[0003] when utilizing these signals to produce images, magnetic 
field gradients (Gx, Gy, and Gz) are employed. Typically, 
the region to be imaged is scanned by a sequence of 
measurement cycles in which these gradients vary accord- 
ing to the particular localization method being used. The 
resulting set of received NMR signals are digitized and 
processed to reconstruct the image using one of many 
well known reconstruction techniques. 

[0004] Typically, MR imaging protocols utilize water content 

within the subject and properties thereof to develop con- 
trast and thereby image specific regions of the subject. 



Specifically, conventional MR imaging techniques rely on 
the relaxation properties of hydrogen atoms of water to 
provide a means whereby contrast is obtained in the re- 
constructed image. As such, conventional MR images of 
tissues employ a combination of spin-lattice (Tl) and 
spin-spin (T2) water relaxation to generate image contrast 
between tissues. 

[0005] The imaging techniques we have discussed so far detect 
signals from "mobile molecules" having "mobile protons." 
That is, "direct" MR imaging techniques are predicated 
upon the "mobile molecules" having "mobile protons," 
which have a relatively long T2 relaxation period such that 
encoding gradients can be established between initial ex- 
citation and acquisition for data acquisition before the re- 
laxation signal has decayed to an undetectable state. 

[0006] However, these techniques are less adapt at imaging "im- 
mobile" or "less-mobile molecules" that have "less-mobile 
protons" with reduced T2 properties, e.g. 12 periods of 
less than one millisecond (ms). As result, these immobile, 
or slow moving, molecules contained in macromolecules, 
cannot be directly imaged. As such, MR imaging tech- 
niques have been developed to take advantage of cou- 
pling between the immobile protons and the mobile pro- 



tons of water to allow imaging of these less mobile 
molecules. 

[0007] Specifically, the mobile and immobile protons exist in 

slightly different magnetic environments and, therefore, 
each can be separately excited. By selectively exciting the 
immobile protons contained in the macromolecules with a 
narrow-band RF pulse, magnetization exchange can be 
induced between the immobile protons and the mobile 
protons in free water. That is, it is possible to saturate the 
spins of the immobile protons, which have a much 
broader absorption lineshape than the spins of the mobile 
protons, thereby causing the spins of the immobile pro- 
tons to be transferred to the mobile protons. As such, the 
non-directly imageable immobile molecules become im- 
ageable in accordance with MR imaging technology by ob- 
serving the interaction of mobile protons in free water 
molecules. Simply, since the spin state of the immobile 
protons can be excited to influence the spin state of the 
mobile protons, these non-directly imageable molecules 
can be imaged indirectly as a result of their influence on 
imageable molecules. This process is typically referred to 
as magnetization transfer (MT) imaging. 

[0008] chemical shift can also be used to distinguish chemicals 



beyond the dominant water signal. Chemical shift data 
can be collected as single volume elements or as images. 
Unlike oxy-hemoglobin and oxy-myoglobin, both deoxy- 
hemoglobin and deoxy-myoglobin have signals well re- 
solved from the dominant water signal (over 70 ppm), and 
can be directly detected. Unfortunately, low concentra- 
tions of these signals, translates into low resolution imag- 
ing or single volume detection methods. 

[0009] it has recently been demonstrated that protons in ex- 
change with water can be detected with amplification by 
imaging the change in water signal after selective presat- 
uration of the water exchangeable signal. A potentially 
confounding factor in utilizing these imaging techniques 
is the so-called MT effect. That is, bound water signals in 
magnetic exchange with water can overlap the discrete 
chemical shifts that are the basis of our invention. How- 
ever, this is not an issue for detecting relative changes in 
oxygen level with stress or activation, but require addi- 
tional measurements for absolute concentration images. 

[0010] Although direct detection of deoxy-myoglobin and de- 
oxy-hemoglobin provide accurate measure of oxygen 
debt, an amplified response, even at less quantifiable lev- 
els, would be desirable. It would therefore be desirable to 



have a system and method capable of providing images 

with sufficient sensitivity to imagedeoxy-hemoglobin and 

deoxy-myoglobin. 
Brief Description of Invention 

[0011] The present invention provides a system and method of 
determining changes in oxygenation concentration across 
a ROI that overcomes the aforementioned drawbacks. 
Specifically, the present invention provides a system and 
method of medical imaging for sensitive and localized 
mapping of oxygen concentration in an ROI by detecting 
deoxy-hemoglobin and deoxy-myoglobin presence in the 
ROI. 

[0012] | n accordance with one aspect of the invention, a method 
of clinical imaging is disclosed that includes exciting wa- 
ter-exchangeable spins in oxygen-bearing molecules in a 
ROI having a change in oxygen status. The method in- 
cludes detecting proton transfer within the ROI from ex- 
changeable protons within water and determining changes 
in oxygen levels across the ROI. 

[0013] According to another aspect of the invention, a method of 
determining oxygenation of heme-proteins in vivo is dis- 
closed that includes applying radio frequency (RF) energy 
to an imaging subject to excite off-resonance spins of 



water-exchangeable molecules and determining proton 
transfer from excited water-exchangeable molecules to 
non-excited molecules. The method also includes acquir- 
ing MR data from the non-excited molecules and deter- 
mining an oxygen content of the water-exchangeable 
molecules from the MR data. 

[0014] | n accordance with another aspect, the invention includes 
a MRI apparatus including a MRI system having a plurality 
of gradient coils positioned about a bore of a magnet to 
impress a polarizing magnetic field and an RF transceiver 
system and an RF switch controlled by a pulse module to 
transmit RF signals to an RF coil assembly to acquire MR 
images. The MRI apparatus also includes a computer pro- 
grammed to cause application of a pulse sequence to ex- 
cite oxygen-bearing molecules within a ROI having a 
change in oxygenation, acquire MR data from directly im- 
ageable molecules having been influenced by the oxygen- 
bearing molecules, and reconstruct an image from the MR 
data to illustrate a change in oxygen debt across the ROI. 

[0015] | n accordance with yet another aspect of the invention, a 
system of oxygen content determination is disclosed that 
includes means for exciting spins limited to targeted oxy- 
gen-carrier molecules, means for determining a proton 



transfer from oxygen-carrier molecules to imageable 
molecules, and means for determining an oxygenation of 
the oxygen-carrier molecules from a reconstructed image 
of the imageable molecules. 
[0016] Various other features, objects and advantages of the 

present invention will be made apparent from the follow- 
ing detailed description and the drawings. 
Brief Description of Drawings 

[0017] The drawings illustrate one preferred embodiment 

presently contemplated for carrying out the invention. 
[0018] | n the drawings: 

[0019] pig. 1 is a schematic block diagram of an MR imaging sys- 
tem for use with the present invention. 

[0020] pig. 2 is a flowchart setting forth the steps of a technique 

of determining oxygenation across an ROI in accordance 

with the present invention. 
Detailed Description 

[0021] Referring to Fig. 1, the major components of a preferred 
magnetic resonance imaging (MRI) system 10 incorporat- 
ing the present invention are shown. The operation of the 
system is controlled from an operator console 12 which 
includes a keyboard or other input device 13, a control 



panel 14, and a display screen 16. The console 12 com- 
municates through a link 18 with a separate computer 
system 20 that enables an operator to control the produc- 
tion and display of images on the display screen 16. The 
computer system 20 includes a number of modules which 
communicate with each other through a backplane 20a. 
These include an image processor module 22, a central 
processing unit (CPU) module 24 and a memory module 
26, known in the art as a frame buffer for storing image 
data arrays. The computer system 20 is linked to disk 
storage 28 and tape drive 30 for storage of image data 
and programs, and communicates with a separate system 
control 32 through a high speed serial link 34. The input 
device 13 can include a mouse, joystick, keyboard, track 
ball, touch activated screen, light wand, voice control, or 
any similar or equivalent input device, and may be used 
for interactive geometry prescription. 
[0022] The system control 32 includes a set of modules con- 
nected together by a backplane 32a. These include a CPU 
module 36 and a pulse generator module 38 which con- 
nects to the operator console 12 through a serial link 40. 
It is through link 40 that the system control 32 receives 
commands from the operator to indicate the scan se- 



quence that is to be performed. The pulse generator 
module 38 operates the system components to carry out 
the desired scan sequence and produces data which indi- 
cates the timing, strength and shape of the radio fre- 
quency (RF) pulses produced, and the timing and length of 
the data acquisition window. The pulse generator module 
38 connects to a set of gradient amplifiers 42, to indicate 
the timing and shape of the gradient pulses that are pro- 
duced during the scan. The pulse generator module 38 
can also receive patient data from a physiological acquisi- 
tion controller 44 that receives signals from a number of 
different sensors connected to the patient, such as elec- 
trocardiogram (ECG) signals from electrodes attached to 
the patient. And finally, the pulse generator module 38 
connects to a scan room interface circuit 46 which re- 
ceives signals from various sensors associated with the 
condition of the patient and the magnet system. It is also 
through the scan room interface circuit 46 that a patient 
positioning system 48 receives commands to move the 
patient to the desired position for the scan. 
[0023] The gradient waveforms produced by the pulse generator 
module 38 are applied to the gradient amplifier system 42 
having G , G , and G amplifiers. Each gradient amplifier 
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excites a corresponding physical gradient coil in a gradi- 
ent coil assembly generally designated 50 to produce the 
magnetic field gradients used for spatially encoding ac- 
quired signals. The gradient coil assembly 50 forms part 
of a magnet assembly 52 which includes a polarizing 
magnet 54 and a whole-body RF coil 56. A transceiver 
module 58 in the system control 32 produces pulses 
which are amplified by an RF amplifier 60 and coupled to 
the RF coil 56 by a transmit/receive switch 62. The result- 
ing signals emitted by the excited nuclei in the patient 
may be sensed by the same RF coil 56 and coupled 
through the transmit/receive switch 62 to a preamplifier 
64. The amplified MR signals are demodulated, filtered, 
and digitized in the receiver section of the transceiver 58. 
The transmit/receive switch 62 is controlled by a signal 
from the pulse generator module 38 to electrically con- 
nect the RF amplifier 60 to the coil 56 during the transmit 
mode and to connect the preamplifier 64 to the coil 56 
during the receive mode. The transmit/receive switch 62 
can also enable a separate RF coil (for example, a surface 
coil) to be used in either the transmit or receive mode. 
[0024] The MR signals picked up by the RF coil 56 are digitized 

by the transceiver module 58 and transferred to a memory 



module 66 in the system control 32. A scan is complete 
when an array of raw k-space data has been acquired in 
the memory module 66. This raw k-space data is rear- 
ranged into separate k-space data arrays for each image 
to be reconstructed, and each of these is input to an array 
processor 68 which operates to Fourier transform the data 
into an array of image data. This image data is conveyed 
through the serial link 34 to the computer system 20 
where it is stored in memory, such as disk storage 28. In 
response to commands received from the operator con- 
sole 12, this image data may be archived in long term 
storage, such as on the tape drive 30, or it may be further 
processed by the image processor 22 and conveyed to the 
operator console 12 and presented on the display 16. 
[0025] The heretofore described apparatus may be used to ac- 
quire MR data to facilitate the determination of oxygena- 
tion of heme-proteins across a region-of-interest (ROI) by 
developing contrast between deoxy-hemoglobin and de- 
oxy-myoglobin and surrounding tissues, proteins and the 
like. Specifically, as will be described in detail, an MR ap- 
paratus is utilized to excite spins in non-directly image- 
able molecules within an ROI, detect proton transfer from 
the non-imageable molecules to directly imageable 



molecules within to the ROI, and determine oxygen con- 
centration across the ROI therefrom. 
[0026] Referring to Fig. 2, a technique for determining oxygen 
concentration across an ROI resulting from amide proton 
transfer between non-directly imageable molecules and 
imageable water is shown. In a preferred embodiment, the 
non-directly imageable molecules are deoxy-hemoglobin 
or deoxy-myoglobin. As will be described, this novel 
technique utilizes water exchange amplification to image 
deoxy-hemoglobin or deoxy-myoglobin via exchangeable 
resonances shifted to a frequency unique to the doxy 
form or substantially changed in exchange rate relative to 
the oxy form. Furthermore, the technique utilizes the dif- 
ference in proton transfer that occurs in hemoglobin or 
myoglobin when oxygenated as opposed to deoxy- 
genated. 

[0027] Referring to Fig. 2, an exchangeable proton nuclear mag- 
netic resonance (NMR) of the non-directly imageable 
heme-proteins is selected 110. For example, in accor- 
dance with a preferred embodiment, paramagnetic hyper- 
fine-shifted or off-resonance exchangeable resonances of 
deoxy-hemoglobin or deoxy-myoglobin are selected. In 
this case, one preferred target is histidine NH which, in 



the deoxy-hemoglobin state has three times the water 
exchange rate of the same resonance in oxy-hemoglobin. 
[0028] After selection 110, the ROI is irradiated with the selected 
exchangeable resonance 112. That is, the selected ex- 
changeable resonance is applied to the ROI to excite wa- 
ter-exchangeable spins in heme-proteins, particularly 
oxygen-bearing or oxygen-carrier molecules. More 
specifically, the irradiation of heme-protein exchangeable 
resonance at a level optimized for reduction of a water 
signal is continued 114. As such, the spin state of the 
protons of the heme-proteins is excited such that it is 
transferred to and accepted by imageable molecules, typi- 
cally imageable water molecules. As such, this process 
may be referred to as a proton transfer or water transfer 
effect. 

[0029] The reduction of the water signal is measured 116 and ir- 
radiation of the ROI is repeated at a non-heme protein 
resonance frequency 118 in order to measure an MT ef- 
fect 120. . The data gathered from the ROI during the ir- 
radiations is recorded as a difference water image or 
spectral data. The acquired MR data is then reconstructed 
to form an image 120 in accordance with well-known im- 
age reconstruction techniques. From the reconstructed 



image 120, it is possible to determine oxygenation 
changes across the ROI 122. That is, a determination in 
the change in local oxygen levels is made via the change 
in water detected deoxy-hemoglobin or deoxy-myoglobin 
exchange. As such, the imaging technique yields a recon- 
structed image that illustrates oxygenation debt across 
the ROI. 

[0030] jo further distinguish these differences in oxygenation, 
the data may be adjusted or weighted after reconstruction 
based on oxygenation 120. Therefore, a spatial distribu- 
tion of oxygen debt across the ROI results and provides 
enhanced contrast between oxygen depleted and oxygen- 
rich regions in the ROI. 

[0031] For example, utilizing an exchangeable proton off- 
resonance, myoglobin, upon oxygenation, becomes dia- 
magnetic and a signal from the myoglobin is shifted from 
the frequency of the selective irradiation. It is contem- 
plated that one preferred target is the histidine NH, which 
in the doxy myoglobin state, is shifted to approximately 
75 ppm downfield of water. As such a proton spectrum 
range is contemplated of approximately 10-80 ppm. Ac- 
cordingly, upon review of the reconstructed exchangeable 
proton weighted image 120, it is possible to identify a re- 



gion experiencing myoglobin oxygen debt because data 
from the oxygen rich myoglobin is absent in the recon- 
structed image 122. As such, a direct sensitive measure of 
oxygen debt or concentration across the ROI may be 
made, for example, in the brain, muscle tissue, cardiac 
region, or other anatomical region. That is, the above- 
described technique provides a relatively direct means for 
illustrating a spatial distribution of oxygen debt through 
imaging of molecules influenced by a proton transfer from 
the otherwise non-imageable molecules or tissues. 

[0032] Therefore, in accordance with one embodiment aspect of 
the invention, a method of clinical imaging is disclosed 
that includes exciting water-exchangeable spins in oxy- 
gen-bearing molecules in a ROI having a change in oxy- 
gen status. The method includes detecting proton transfer 
within the ROI from exchangeable protons within water 
and determining changes in oxygen levels across the ROI. 

[0033] | n accordance with another embodiment of the invention, 
a method of determining oxygenation of heme-proteins in 
vivo is disclosed that includes applying radio frequency 
(RF) energy to an imaging subject to excite off-resonance 
spins of water-exchangeable molecules and determining 
proton transfer from excited water-exchangeable 



molecules to non-excited molecules. The method also in- 
cludes acquiring MR data from the non-excited molecules 
and determining an oxygen content of the water- 
exchangeable molecules from the MR data. 
[0034] | n accordance with another embodiment of the invention, 
an MRI apparatus is disclosed including a MRI system hav- 
ing a plurality of gradient coils positioned about a bore of 
a magnet to impress a polarizing magnetic field and an RF 
transceiver system and an RF switch controlled by a pulse 
module to transmit RF signals to an RF coil assembly to 
acquire MR images. The MRI apparatus also includes a 
computer programmed to cause application of a pulse se- 
quence to excite oxygen-bearing molecules within a ROI 
having a change in oxygenation, acquire MR data from di- 
rectly imageable molecules having been influenced by the 
oxygen-bearing molecules, and reconstruct an image 
from the MR data to illustrate a change in oxygen debt 
across the ROI. 

[0035] | n accordance with yet another embodiment of the inven- 
tion, a system of oxygen content determination is dis- 
closed that includes means for exciting spins limited to 
targeted oxygen-carrier molecules, means for determin- 
ing a proton transfer from oxygen-carrier molecules to 



imageable molecules, and means for determining an oxy- 
genation of the oxygen-carrier molecules from a recon- 
structed image of the imageable molecules. 
[0036] The present invention has been described in terms of the 
preferred embodiment, and it is recognized that equiva- 
lents, alternatives, and modifications, aside from those 
expressly stated, are possible and within the scope of the 
appending claims. 



